Castings performed under reduced pressure and atmosphere were used to investigate the formation of pores in lost foam casting (LFC) of the AZ91H Mg alloy, and the results are compared with the results of a previous work on the A 356 Al alloy.
Introduction
The application of lost foam casting (LFC), which was invented by Shroyer in 1950, is increasing worldwide because it can form casts with a complex shape without sand binders. 1) LFC has been mainly used to make automobile parts such as intake manifolds, brake pump housings, cylinder heads, and engine blocks of aluminum and ferrous alloys. However, LFC has not been successfully applied to the Mg alloy, though the Mg alloy has many distinct advantages over other construction materials, such as low density, high modulus, good machinability and availability, and is also used in the production of light-weight industrial components.
The problem of applying LFC to the Mg alloy is likely due to the Mg alloy's poor fluidity and the possibility of a chemical reaction between the Mg alloy melt and the pattern material. Fluidity is generally measured as the flow length of the melt at a certain pouring temperature and pressure. The poor fluidity of the Mg alloy is due to its low density, low heat capacity and latent heat. In addition, in LFC, the fluidity of the Mg alloy may decrease remarkably because of the heat loss of the front of the melt, which is caused by the endothermic reaction during the decomposition of the pattern.
In addition, carbon dioxide of gas type deteriorates the chemical reactivity between the Mg alloy melt and the pattern material.
2) Thus, to improve the fluidity of the Mg alloy melt during LFC, the air must be evacuated from the mold.
The polystyrene that we used as the pattern of the LFC consisted of 92 mass% C and 8 mass% H. [3] [4] [5] The C 6 H 5 benzene ring in the polystyrene was stable and the -CH=CH2-chain tended to decompose first. The benzene ring remained in the liquid phase and reacted with the melt to cause casting defects. At 973 K, 60 percent of the polystyrene decomposed into the liquid phase melt, causing an increase in casting defects.
The reaction between the alloy melt and the liquid polymers produces many reaction products, which, in turn, cause casting defects. We previously confirmed, for example, that the gas phase generated by the polymer in LFC of A356 is a factor in the formation of pores. 6, 7) However, few studies have focused on the LFC of the Mg alloy, especially in relation to casting defects. Thus, we investigated the formation of pores in the LFC of the AZ91H alloy and compared the results with a previous work on the A 356 alloy.
Experimental Details
2.1 Reduced pressure test and hydrogen content calculation To investigate the hydrogen gas content in an AZ91H alloy ingot after the reaction of the AZ91H alloy melt and polystyrene, we used reduced pressure casting. Figure 1 shows a schema of the test apparatus. First, we prepared a stainless steel cup with a thickness of 1 mm and a volume of 170 cm 3 . We then coated the cup with a 0.2 mm layer of BN powder and preheated it to 473 K. After placing the cup in the chamber, we inserted a different amount of expanded polystyrene (EPS) into the cup. We then poured about 100 g of the AZ91H alloy melt into the cup. The glass cover was then closed and the chamber was immediately evacuated to the optimal reduced pressure, 21 kPa, which gave a reproductive and consistent hydrogen gas content for the same amount of melt. [6] [7] [8] The final set pressure was taken after 5 s, and the melt solidified after about 8 min. The gasification of the EPS took several seconds after we poured the melt into the cup with the EPS. The used melts were a non-degassed melt and a degassed melt. For the degassing, we used Ar gas with a flow rate of 5.0 L/min for 30 min.
To calculate the bulk density ( b ) and the total porosity, which includes open pores on the severed surface of the sample, we used the following equations:
where W d = dry mass W b = suspended mass in water W s = mass with open pores filled with water (wetted mass) th = theoretical density of the A356 alloy = 2.658 g/cm 3 w = density of water. We then used the density results of eq. (1) to calculate the hydrogen content in the melt, C H , from eq. (3). Moreover, we assumed that all the observed pores constituted the total hydrogen content that formed at the solidus temperature under ambient pressure. [6] [7] [8] Equation (3) is expressed as
where P 2 = the pressure during solidification (here 34 kPa) P 1 = 100 kPa T 2 = the alloy solidus temperature in K T 1 = 273 K.
Lost foam casting
The casting design shown in Fig. 2 (Test Casting-T) was made to examine the hydrogen gas pickup during the LFC. The foam pattern for the Test Casting-T, which has three legs of different thickness (17, 11, and 7 mm), was coated with a 0.18 mm layer of a commercial coating material (EBA-COTE). We glued the legs to the sprue base, and then dried the coated pattern and place it in a flask.
After surrounding the pattern with sand, we employed mechanical vibration to densely compact the sand. The upper part of the flask was sealed to inhibit the leakage of vacuum. We then poured the AZ91H alloy melt into the pouring cup of the foam sprue at various pouring temperatures. For the evacuation, we maintained a pressure of 93 kPa in the flask during solidification.
To investigate the formation of the pores, we used EDS analysis for the gas pore surfaces of the cast sample. Figure 3 shows the pattern (Test Casting-L) of the flow behavior of the AZ91H alloy melt during the LFC. Except for the pattern plane that was in contact with the quartz window, we coated all planes with a layer of up to 0.2 mm of a refractory material.
glass cover stainless steel cup vacuum chamber insulating block vacuum gauge valve preset pressure reservoir The melt flow was monitored with a high-resolution digital camera. We then investigated the evacuation effects on the fluidity and porosity under various evacuation pressures (100, 93, 90, 80, 70, 60 and 50 kPa) in the Test Casting-T. The pouring was consistently performed at 983 K.
Results and Discussion

Reduced pressure casting without lost foam Figures 4(b)-(c) and (d)-(e)
show the cut surfaces of the AZ91H and A356 alloy samples of the reduced pressure cast (RP test) under a pressure of 100 k. The dissolved hydrogen content of the A356 alloy was 0.35 mL per 100 g of melt for the non-degassed melt, and about 0.15 mL per 100 g melt for the degassed melt.
7) The AZ91H alloy had much lower dissolved hydrogen content than the A356 alloy. The hydrogen content in the AZ91H alloy ingot was about 0.04 mL per 100 g of melt for the non-degassed melt, and about 0 mL per 100 g of melt for the degassed melt. Theoretically, other references on pure Mg and Mg alloys indicate that the AZ91H alloy must have a higher level of hydrogen solubility than the A 356 alloy.
9) However, the high hydrogen solubility limits in pure Mg and Mg alloys were obtained when the saturation hydrogen level in the chamber was purged by hydrogen. 10, 11) For the hydrogen solubility of the AZ91H alloy under reduced pressure, we presumed on the basis of the hydrogen solubility mentioned in the references that there was pseudo solubility in Fig. 4(a) . Similarly, we calculated the expected hydrogen solubility (for the expected real value) as shown in the table of Fig. 4 .
To obtain the hydrogen content of the AZ91H alloy, we used a chamber of 80 percent humidity to mimic the chamber purged by hydrogen. As a result, the practical hydrogen content in the commercial AZ91H alloy ingot may have been much lower. On the other hand, by changing the mass of the polystyrene in the mold, the porosity volume increased sensitively in the A356 alloy but increased slightly for the AZ91H alloy. This reaction of the AZ91H alloy is likely due to the extra solubility of the melt for hydrogen, as explained in Fig. 4 . That is, because of the high hydrogen solubility of the AZ91H melt, the hydrogen pores become solute into the melt even if many pores are formed. Figure 5 (a) shows the change of porosity in the legs of the Casting-T sample with the largest cross section (17 mm Â 24 mm); the melt was poured with various temperatures. Horizontal axis of Fig. 5 (a) means each range in length direction of the channel. The percentage of porosity in all the samples increased slightly with the progressing direction of the channel tip, which may be due to the increased contact time between the melt and the pattern. In addition, the mold evacuation lowers the level of porosity, and we obtained a minimum porosity of about 0.03 vol% at a pouring temperature of 1073 K. Figures 5(b) -(c) show the change of porosity at the initial part (0 to 40 mm) and the end part (120 to 160 mm) for the three kinds of channels thickness (17, 11, and 7 mm). The porosity in the initial part of the channel increased severely as the channel thickness increased from 0.4 to 1.05 vol% at 7 mm, from 0.6 to 1.2 vol% at 11 mm, and from 0.7 to 1.9 vol% at 17 mm. This increase resulted from the sprue effect in which the solidification time increases as the cast thickness increases. In contrast, the porosity at the end of the channel decreased as the channel thickness increased from 1.7 to 3.7 vol% at 7 mm, from 1.2 to 3.1 vol% at 11 mm, and from 0.8 to 2.2 vol% at 17 mm. This phenomenon may be due to the rapid cooling rate, which increases the entrapment of polystyrene pyrolysis products (especially liquid products). Concerning change of porosity amount, similar behavior to the present study has been observed in the A356 alloy, 6, 7) where the amount of porosity varied in a range of 0.6 to 2.2 vol%. However, in the case of the present AZ91H alloy, the change of porosity amount between the initial and end parts did not change very much from 0.05 to 0.4 vol%. in comparison with A356 alloy, showed a weak dependence on the channel thickness, as shown in Figs. 5(b)-(c) . This weak dependence is likely due to the high extra solubility to hydrogen, as shown in Fig. 4 , many porosity will be dissolved into AZ91H melt regardless of channel thickness of AZ91H alloy. Real decomposition process of porosity generating due to polystyrene pyrolysis products was shown in Figs. 9(c)-(h) . The polystyrene channel is filled with AZ91H melt within 1.5 s after pouring [ Fig. 9(d) ]. In this time the melt contains a lot of porosity generating due to polystyrene pyrolysis products, the porosities was continuously contracted with holding time, almost disappeared after 25 s [ Fig. 9(d) ]. Figure 6 shows the macrostructure of the end of the channels for the A356 and AZ91H alloys. The pore size is about 1 mm and 10 mm in the middle-sized samples (11 mm Â 20 mm) for both alloys, respectively. The large pores in the A356 alloy were primarily due to the entrapment of liquid products. Figure 7 shows the pore distribution in the AZ91H alloy with a 17 mm thick channel poured at different temperatures, with and without evacuation. For the A356 alloy, the minimum porosity of below 0.5 vol% was obtained at a pouring temperature of 1023 K. 6, 7) In contrast, the porosity of the AZ91H alloy poured at 1073 K was only 0.5 vol%. This difference seems to be due to the fluidity of the AZ91H alloy, which was worse than that of the A356 alloy. The pore formation at low pouring temperatures is affected by shrinkage defects and the entrapment of liquid products [See Figs. 7(a)-(b) ]; moreover, the pores at high pouring temperature seem to have originated from the entrapment of gaseous products and small liquid products in addition to the long solidification time [See Fig. 7(e) ]. However, mold evacuation significantly lowers the pores and shrinkage defects as shown in Figs. 7(k)-(l) . In LFC, pores can originate from different three mechanisms: entrapped liquid polymer, entrapped gaseous polymer and supersaturated hydrogen. In addition, the hydrogen gas can originate from the initial melt or from the reaction with the decomposed EPS. Differences in the carbon content vary according to the pore formation mechanisms. The carbon content of pores induced from entrapped liquid polymer are expected to be highest, and moderate or low levels of carbon are expected in pores induced from the entrapped gaseous polymer and the supersaturated hydrogen. We analyzed the carbon content of the pore surface to know the origin of the pore; and Figure 8 shows the results of the analysis in 17 mm thickness channel. Several points indicating different carbon concentration were plotted in the same specimen. This means a mechanism does not act on pore generation, two or three mechanisms co-exist in the same specimen. The maximum carbon concentration and its overall level are important to judge main mechanism for pore generation. The maximum carbon concentration is about 9 mass% in samples poured at 973 K. This high carbon concentration means the pore originates from the entrapment of the liquid polymer products. The lowest carbon concentration can be generated from entrapped gaseous polymer and supersaturated hydrogen. Furthermore, the maximum carbon concentration consistently decreases down to about 4 mass% at a temperature of about 1073 K. This decrease means that the pore formation is governed by the entrapment of gaseous and small liquid products.
Hydrogen gas pickup during the LFC
In the case of the A356 alloy, the maximum carbon concentration changed from 8 mass% at 973 K to 3 mass% at 1023 K. 6, 7) That is, the transition between the pore formation mechanisms mentioned above takes place at 1023 K. The high transition temperature in the AZ91H alloy melt is likely due to the worse fluidity of the AZ91H alloy. Moreover, because of the difficulty of observing the pores with no carbon in the AZ91H alloy, the two entrapment mechanisms were dominant for pore formation. Conversely, many pores showed almost no carbon for the A356 alloy, though the carbon concentration in the matrix and size of the entrapped pyrolysis products for the AZ91H and A356 alloys is comparable.
The following three arguments explain the large difference in the porosity concentration of both alloys with the similar levels of carbon concentration. First, the thickness of the oxide film at the front of the liquid metal may inhibit the entrapment of the pyrolysis products. We measured the thickness at the tip of a broken sample with SEM. As shown in Figs. 9(a)-(b) , the thickness of the oxide film was 586 nm for the AZ91H alloy and 331 nm for the A356 alloy. However, during the filling, the oxide film is easily broken by the turbulence of the melt and a new oxide film is formed; thus, the melt has many possibilities of entrapping the pyrolysis products. Consequently, this argument cannot explain the difference in the porosity concentration of both alloys. The second argument focuses on the surface energy difference between the liquid metal and the entrapped gas for both alloys. With a pore size of about 10 mm, the AZ91H alloy has a much smaller pore size than the A356 alloy, which is about 1 mm. Based on the following equation, the free surface energy for the AZ91H alloy must be larger than that of the A356 alloy:
where P i is the internal pressure for a pore, P atm is the atmospheric pressure on the melt surface, P H is the metallostatic head pressure, and ð1=r 1 þ 1=r 2 Þ is the force due to the surface tension. However, the real free surface energy for the AZ91H alloy at 973 K, sv , is 550 mJ/m 2 , which is smaller than the 1080 mJ/m 2 for the A356 alloy. [12] [13] [14] The third argument examines the characteristic differences in the solubility of both alloys. This approach is reasonable because the AZ91H alloy has enough extra hydrogen concentration for the solubility limit at the solidus temperature, and the hydrogen gas that originates from the entrapped products can be dissolved into the melt. However, because the level of the hydrogen solubility limit for the A356 alloy is near zero, the hydrogen that originates from a source such as the entrapped polymer can easily approach the solubility limit in the melt. This argument is supported by Figs. 9(c)-(h), which shows the visible melt filling and solidification processes that we viewed with the aid of the digital camera in the Test Casting-L. After complete filling [ Fig. 9(h) ], the formed gas clusters coarsened and contracted over time. Figs. 9(i)-(l) shows the surface morphologies after the casting of both alloys for the Test Casting-L. See Figs. 9(i)-(j) for the AZ91H alloy and Figs. 9(k)-(l) for the A356 alloy. It is obvious that the AZ91H alloy forms fewer pores than the A356 alloy. Figure 10 shows how mold evacuation affects pore formation. As the vacuum degree increases from 100 to 90 kPa, the amount of pores and shrinkage defects decrease. We observed almost no pores at 70 kPa. The mold evacuation seems to improve the fluidity of the melt. However, the high amount of pores occurs at a severe low pressure, such as 60 and 50 kPa, as shown in Figs. 10(f)-(g) , and the severe low pressure is caused by the large entrapment of the pyrolysis products, the mechanism of which is demonstrated in Fig. 11(b) . Figure 11 (a) shows our analysis of the carbon concentration on the pore surface at various vacuum degrees. The carbon concentration decreases as the evacuation pressure decreases to 70 kPa. This decrease means that the pyrolysis products are easily able to escape under evacuation. In turn, the carbon concentration increases from 60 to 47 kPa because of the severe entrapment for the pyrolysis products. Figure 11(b) shows the fluidity of the AZ91H alloy and the metal filling mechanism under different vacuum degrees in the LFC. The fluidity characteristic that depends on the vacuum degree has three parts: the zooming fluidity, the plateau and the re-ascending parts. The fluidity increased dramatically with the increasing vacuum degree in the zooming part (100 to 80 kPa). In addition, because the smaller pressure gradient forward of the pattern wall pulls the metal front over a very limited length, the polystyrene pyrolysis products at the metal-pattern interface can be more easily pushed to the metal-polystyrene pattern-coating interface and extracted to the outside of the mold cavity. With a further increase in the degree of the vacuum, the metal front at the pattern wall will extend even longer so that the pyrolysis products of the center pattern must take a longer route to get to the metal-pattern-coating interface. As a result, the products are removed to the outside of the mold cavity; hence, the increase of fluidity slows down between 80 and 60 kPa in the plateau. When the vacuum degree is higher than a critical value, 60 kPa, the metal front on the pattern wall is longer than the metal front at the pattern center.
On the other hand, the central pattern of the pyrolysis products becomes a stumbling block to the melt flow because the liquid products that adhere to the front of the melt inhibit the flow of the melt. Furthermore, the liquid products gasify and form back pressure at the melt front. As a result, the melts that flow from both walls meet each other in the center of the pattern ahead of the metal front; again, the fluidity increases abruptly (at the re-ascending part). Nonetheless, the liquid products trapped in the melt leave behind a high amount of pores in the cast, as shown in Figs. 10(f)-(g) . This argument supports the proposition of Liu et al.
2) However, if we graphically redraw the argument of Liu et al. together with our results for carbon concentration, the model will resemble Fig. 11(b) .
Conclusions
The pore formation characteristics that occur in the LFC of the AZ91H alloy were investigated with reduced pressure and atmosphere castings, and we compared our results with the results of the previous work for the A356 alloy.
(1) Under normal humidity, the AZ91H alloy melt has an extra hydrogen concentration for the hydrogen solubility limit at the solidus temperature. This extra hydrogen concentration produces a total porosity ranging from 0.05 to 0.38 vol%, which is lower than the total porosity of the A356 alloy, which ranges from 0.6 to 2.2 vol%. The poor fluidity of the AZ91H alloy melt increases with the pouring temperature (1073 K) to induce the minimum porosity, which is as high as 323 K for the A356 alloy. (2) The pore formation mechanism for the AZ91H alloy is similar to that of the A356 alloy. However, the transition temperature, which reveals a different mechanism, is higher in the AZ91H alloy than in the A356 alloy due to the worse fluidity of the AZ91H alloy.
(3) A proper evacuation pressure produces the minimum porosity, and the vacuum degree that exceeds the critical pressure leaves behind many pores because of the severe entrapment of the polystyrene pyrolysis products.
